Objective-Although it has been reported that matrix metalloproteinase (MMP)-2 is a major proteinase in atherosclerotic plaque lesions, there is no direct evidence of the role of MMP-2 in atherosclerotic lesion formation. In the present study we determined the role of MMP-2 in atherosclerosis plaque development using apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. Methods and Results-To generate MMP-2-deficient, apoE-deficient mice (MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ ), MMP-2 Ϫ/Ϫ mice were crossed with apoE Ϫ/Ϫ mice. After 8 weeks of feeding with a lipid-rich diet, morphological and biochemical studies of the aortic sinus and arch were conducted. A significant reduction of the atherosclerotic plaque in the aortic sinus and arch with the decrease in smooth muscle cell-positive area was observed in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice compared with that of MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ mice. Macrophage-and collagen-positive areas were less in aortic sinus but not in aortic arch in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice. There was no difference of MMP-9 mRNA expression in the plaque lesion between the 2 genotypes. A much lower level of mRNA expression of TIMP-1 and TIMP-2 was detected in the atherosclerotic plaque lesions of MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice than in those of MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ mice. Key Words: atherosclerosis Ⅲ collagen Ⅲ metalloproteinases Ⅲ plaque I n human or animal models of atherosclerosis, varying matrix metalloproteinases (MMPs) have been demonstrated to increase in atherosclerotic lesions, including MMP-1, -2, -3, -7, -9, -12, -13, and MT-MMPs. 1-3 MMPs have been believed to contribute to the development and progression of atherosclerosis. 1-3 However, there are only limited data providing direct evidence of the contribution of MMPs to the development of atherosclerotic lesions. Although MMP activity is commonly considered instrumental to the development of atherosclerotic lesions, this notion has been challenged by recent studies in gene-targeting mice. It has been reported that overexpression of the tissue inhibitor of metalloproteinases-1 (TIMP-1) reduced atherosclerotic lesions in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. 4 The deletion of the TIMP-1 gene resulted in either a reduction of or no change in the plaque size in the apoE Ϫ/Ϫ mice. 5,6 Atherosclerotic lesions were significantly larger in mice with a combined deficiency of apoE and MMP-3 than in apoE Ϫ/Ϫ mice. 7 Overexpression of MMP-1 in apoE Ϫ/Ϫ mice, which is not normally expressed in mice, decreased the extent of atherosclerosis. 8 A more recent study demonstrated that MMP-9 deficiency but not MMP-12 deficiency reduced the atherosclerotic lesion growth in apoE Ϫ/Ϫ mice. 9 MMP-13 deficiency had no effect on atherosclerotic plaque formation with similar accumulation of plaque macrophages and smooth muscle cells, but contained more interstitial collagen in apoE Ϫ/Ϫ mice. 10 These results seemingly contradict a central tenet in our understanding of atherosclerosis-that increased MMP activity leads to the formation of a thicker neointima-suggesting that the role of individual MMPs in plaque lesions may actually have a different effect on the development of atherosclerotic plaque formation. The contribution of individual MMPs to plaque formation is only beginning to be investigated by the genetic manipulation of the expression of individual MMPs. Further work is necessary to determine the full spectrum of antiatherogenic or proatherogenic activities of the many MMPs that are expressed in atherosclerosis.
I
n human or animal models of atherosclerosis, varying matrix metalloproteinases (MMPs) have been demonstrated to increase in atherosclerotic lesions, including MMP-1, -2, -3, -7, -9, -12, -13, and MT-MMPs. [1] [2] [3] MMPs have been believed to contribute to the development and progression of atherosclerosis. [1] [2] [3] However, there are only limited data providing direct evidence of the contribution of MMPs to the development of atherosclerotic lesions. Although MMP activity is commonly considered instrumental to the development of atherosclerotic lesions, this notion has been challenged by recent studies in gene-targeting mice. It has been reported that overexpression of the tissue inhibitor of metalloproteinases-1 (TIMP-1) reduced atherosclerotic lesions in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. 4 The deletion of the TIMP-1 gene resulted in either a reduction of or no change in the plaque size in the apoE Ϫ/Ϫ mice. 5, 6 Atherosclerotic lesions were significantly larger in mice with a combined deficiency of apoE and MMP-3 than in apoE Ϫ/Ϫ mice. 7 Overexpression of MMP-1 in apoE Ϫ/Ϫ mice, which is not normally expressed in mice, decreased the extent of atherosclerosis. 8 A more recent study demonstrated that MMP-9 deficiency but not MMP-12 deficiency reduced the atherosclerotic lesion growth in apoE Ϫ/Ϫ mice. 9 MMP-13 deficiency had no effect on atherosclerotic plaque formation with similar accumulation of plaque macrophages and smooth muscle cells, but contained more interstitial collagen in apoE Ϫ/Ϫ mice. 10 These results seemingly contradict a central tenet in our understanding of atherosclerosis-that increased MMP activity leads to the formation of a thicker neointima-suggesting that the role of individual MMPs in plaque lesions may actually have a different effect on the development of atherosclerotic plaque formation. The contribution of individual MMPs to plaque formation is only beginning to be investigated by the genetic manipulation of the expression of individual MMPs. Further work is necessary to determine the full spectrum of antiatherogenic or proatherogenic activities of the many MMPs that are expressed in atherosclerosis.
We previously demonstrated that MMP-2 deficiency significantly reduces neointimal lesion development in the carotid artery after ligation compared with control mice. 11 Although it has been reported that MMP-2 is a major proteinase in atherosclerotic plaque lesions not only in human but also in animal models, 12, 13 there is no direct evidence of the role of MMP-2 in atherosclerotic lesion formation. In the present study we determined the role of MMP-2 in atherosclerosis plaque development using the apoE Ϫ/Ϫ mice.
Methods

Animals and the Experimental Protocol
All animal studies were conducted in accordance with the Animal Care and Use Committee guidelines of the Nagoya University School of Medicine. The generation of MMP-2-deficient (MMP-2 Ϫ/Ϫ ) mice with the genetic background of C57BL/6 was described previously. 14 ApoE Ϫ/Ϫ mice with the C57BL/6 genetic background were obtained from the Jackson Laboratory (Bar Harbor, Me). MMP-2 Ϫ/Ϫ mice were intercrossed with apoE Ϫ/Ϫ mice to generate breeding pairs with heterozygous deficiency of MMP-2 and apoE (MMP-2 ϩ/Ϫ :apoE ϩ/Ϫ , which sired MMP-2 Ϫ/Ϫ /apoE Ϫ/Ϫ and MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ littermate offspring. Genomic DNA was extracted from the tail tips for genotyping of offspring by Southern blotting for MMP-2 and by polymerase chain reaction for apoE (data not shown). At 8 weeks of age, male mice were started on a Western-type diet containing 21% fat and 0.15% cholesterol without sodium cholate, and they were maintained on this diet for 8 weeks.
Histological Analysis
Mice were euthanized by intraperitoneal pentobarbital injection, and blood samples of mice were collected into syringes that contained EDTA just before perfusion with isotonic saline from the left cardiac ventricle. The mice were perfused through the left cardiac ventricle with isotonic saline and 4% paraformaldehyde in 0.01 mol/L phosphate buffer (pH 7.4) under physiological pressure. The heart with Ϸ1 mm of proximal aorta attached and aortic arch were removed. The top half of the heart containing the aortic root or aortic arch was embedded and frozen in Tissue-Tek O.C.T. media. Sequential 20-m sections were cut until the aortic valve leaflets appeared. From this point on, serial 6-m sections were collected and stained routinely with hematoxylin and eosin (H&E), oil red O for lipid, and Masson's trichrome for collagen. The corresponding sections on separate slides were used for immunohistochemical staining. The sections were preincubated with 5% serum and then incubated with antibodies against ␣ smooth muscle actin (␣SM actin; 1:50, Sigma Aldrich), macrophages (Mac-3, 1:40, BD Pharmingen), MMP-2 (MMP-2; 1:200, Fuji Chemical Co), and MMP-9 (MMP-9; 1:100, Chemicom). Immunohistochemical staining was visualized using an ABC kit (Vector Laboratories) according to the manufacturer's instructions. Levamisole (Vector Laboratories) was used as the inhibitor of endogenous alkaline phosphatase. The counterstaining for the nucleus was performed with Mayer's hematoxylin.
For the quantification of atherosclerotic lesions, all images were captured and analyzed by National Institutes of Health Image software. The images showed the area of intimal atherosclerotic plaque, lipid lesion assessed by the positive for oil red O staining, region containing macrophage as assessed by Mac-3 stating, and smooth muscle cell (SMC)-positive area as assessed by ␣-SM actin staining. The atherosclerotic plaque area of the aortic sinus or aortic arch was reported as the net area and the proportion of total intimal plaque lesion area to total cross-sectional vessel wall area, which was defined by the external elastic lamina. For quantification by image analysis, we set a threshold to automatically compute the areas positive for each antibody or histochemical stain and then computed the ratio of positively stained area to the total cross-sectional vessel wall area and intimal plaque lesion area studied.
Gelatin Zymography and mRNA Quantification
After perfusion with ice-cold phosphate-buffered saline, the aorta arch was dissected out and placed in ice-cold phosphate-buffered saline. After further mechanical rinsing under a dissection microscope, protein and total RNA were extracted from the tissue so that gelatin zymography and mRNA quantification could be performed.
For gelatin zymography, 20-g protein extracts of the aortic arch were mixed with SDS sample buffer without a reducing agent and loaded onto a 10% SDS-polyacrylamide gel containing 1 mg/mL gelatin, as previously described in detail. 15 Digestion bands were quantified by an image analyzer system (NIH image 1.62) and compared with a human MMP-2 standard (Oncogene Research Products).
The mRNA levels of MMPs and TIMPs in atherosclerotic lesions were quantified by real-time reverse-transcription and polymerase chain reaction. The total RNA was extracted from carotid arteries, and then reverse-transcribed. The synthesized cDNA was quantified by using TaqMan quantitative polymerase chain reaction analysis of each gene with the ABI PRISM 7700 Detection System according to the manufacturer's protocol. Specifically, primer and probe sequences used for mouse MMP-2 were (forward) 5Ј-CCCCATGAAGCCTTGTTTACC, (reverse) 5Ј-TTGTAGGAGGTGCCCTGGAA, (probe) 5Ј-AATGC-TGATGGACAGCCCTGCA; for mouse MMP-9 were (forward) 5Ј-AGACCAAGGGTACAGCCTGTTC, (reverse) 5Ј-GGCACGCTG-GAATGATCTAAG (probe) 5Ј-TGGCTCATGCCTATGCACCTGGAC; for mouse TIMP-1 (forward) 5Ј-GCCTACACCCCAGTCATGGA, (reverse) 5Ј-GGCCCGTGATGAGAAACTCTT, (probe) 5Ј-TGGATATGC-CCACAAGTCCCAGAACC; and for mouse TIMP-2 (forward) 5Ј-GTC-CCATGATCCCTTGCTACA, (reverse) 5Ј-TGCCCATTGATGCTCT-TCTCT, (probe) 5Ј-CTCCCCGGATGAGTGCCTCTGGA. Each RNA quantity was normalized to its respective glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA quantity.
Polyacrylamide Gel Disc Electrophoresis of Serum Lipoproteins
Polyacrylamide gel disc electrophoresis of serum (100 L) was performed according to the method of Narayan et al. 16 The pattern of electrophoresis was analyzed by densitometry.
Statistical Evaluation
Values were expressed as meansϮSD. Significant differences were analyzed using the Student t test. A value of PϽ0.05 was considered to be statistically significant. 
Results
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Kuzuya et al MMP-2 Deficiency and Atherosclerosis
Effect of MMP-2 Deficiency on Atherosclerotic Lesion Formation in ApoE-Deficient Mice
Cross-sectional analysis of the aortic sinus area as well as aortic arch showed that the total intimal lesion area was significantly less in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice than in MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ mice, whether the lesion area was controlled for the total cross-sectional vessel wall area (Figures 2a, 2b , 3f, 3h; Table) . As shown in Figure 2c , 2d, 2e, 2f, 2g, and 2h and the Table, the areas that stained positive for lipid, macrophages, SMC, and collagen in the lesion of aortic sinus were less in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice than those in MMP-2 ϩ/ϩ : apoE Ϫ/Ϫ mice. However, the ratio of stained positive area for lipid, macrophage, and collagen to the intimal plaque area was similar in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ and MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ . In aortic arch there was no difference of macrophage positive area between 2 genotypes, whether the lesion area was controlled for intimal lesion area (Figure 3g and 3i; Table) . In contrast, SMC-positive area was less in MMP-2 Ϫ/Ϫ : apoE Ϫ/Ϫ mice than that in MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ mice ( Figure   3J , 3I; Table) . As shown in Figure 3a 3b , 3j, and 3l, a much thicker fibrous cap region stained with SMC-specific antibody was observed in MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ mice than that of MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice both in aortic sinus and arch. The collagen-positive area was observed in thicker fibrous cap lesions in MMP-2 
MMPs Expression and Localization
In the gelatin zymographic analysis of protein extracts from atherosclerotic plaque lesions, the latent forms of MMP-9 (92kDa) and MMP-2 (72kDa) and the active form of MMP-2 (62kDa) were detected in MMP-2 ϩ/ϩ :apoE Ϫ/Ϫ mice ( Figure  4A ). As expected, a similar level of MMP-9 activity and no MMP-2 activity were observed in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice. No MMP-2 mRNA expression was found in atherosclerotic plaque lesions in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice ( Figure 4B ). Although no significant difference in MMP-9 mRNA expres- pattern was not different between the 2 genotypes (data not shown).
Discussion
Previous observations illustrate the potential complexities of manipulating a system in which MMPs have a dual role in plaque growth by means of SMC migration, matrix deposition, and instability caused by matrix destruction. In fact, MMP-1 overexpression to macrophages reduced the progression of atherosclerosis in apoE Ϫ/Ϫ mice, because it resulted in less collagenous matrix accumulation. 8 MMP-3 deficiency was associated with increased collagen content in the plaques in apoE Ϫ/Ϫ mice, which is consistent with greater stability, although plaque size was increased overall. 7 These previous observations may suggest that the activities of MMP-1 and MMP-3 in atherosclerotic lesions may contribute to a reduction of plaque size, possibly by causing the degradation of matrix components. In contrast, a deficiency of MMP-9 reduced the plaque size, macrophage content, and collagen deposition in aortic lesion of apoE Ϫ/Ϫ mice, but MMP-12 deficiency had no effect on plaque size or on the composition of the plaque. 9 Interestingly, more recent report by Johnson et al suggested that MMP-9 deficiency increased plaque size with a increase in macrophage accumulation and a decrease in SMCs in brachiocephalic artery from apoE Ϫ/Ϫ mice. 17 These inconsistent effects of MMP-9 deficiency on the atherosclerotic lesion formation as well as the changes in cellular composition at the lesion suggest that MMP-9 has different actions to the development of atherosclerosis at different regions of artery. This is also true for MMP-12 deficiency, as Johnson et al have also demonstrated that MMP-12 deficiency reduced the plaque size as well as macrophage content in brachiocephalic artery from apoE Ϫ/Ϫ mice. 17 More recent findings suggested that MMP-13 deficiency had no effect on plaque development but decreased collagen content in the plaque in apoE Ϫ/Ϫ mice. 10 These findings indicate the different contributions of individual MMPs to atherosclerotic plaque formation as well as to matrix protein accumulation in the plaque.
In the present study, we clearly demonstrated that MMP-2 deficiency reduces the atherosclerotic plaque lesion formation in :apoE Ϫ/Ϫ mice, suggesting MMP-2 may induce plaque stability by accumulating SMC into the fibrous cap. We showed the different effects of MMP-2 on the macrophage accumulation in the atherosclerotic lesions of different regions of artery. It is possible that MMP-2 contributes to macrophage accumulation in the atherosclerotic lesions in different ways at different regions. This might be similar to the effect MMP-9 on macrophage accumulation in the atherosclerotic lesions, because MMP-9 deficiency increased macrophage accumulation in the lesions of brachiocephalic artery but reduced its accumulation in carotid artery and descending aorta in apoE Ϫ/Ϫ mice. 9, 17, 21 The fact that MMP-2 colocalized with macrophage in atherosclerotic plaque lesion of aortic sinus, consistent with human atherosclerotic lesions 19, 20 may suggest that MMP-2 is involved in monocyte migration into the intima or that MMP-2 may affect macrophage proliferation in the intima. Further studies will be required to evaluate the role of MMP-2 on macrophage accumulation in the atherosclerotic plaque lesion.
MMPs have overlapping substrate specificities, so the effect of the loss of MMP-2 can be compensated for to some degree by another gelatinase, MMP-9. However, the MMP-9 mRNA level observed in MMP-2 Ϫ/Ϫ :apoE Ϫ/Ϫ mice was not We also found a decreased expression of TIMPs mRNA in MMP-2-deficient mice, in agreement with our previous observation. 11 These findings strengthen our hypothesis that MMP-2 may play a role in regulating the expression of TIMPs.
There are limitations in the present study. We have evaluated the atherosclerotic lesions only after 8 weeks of high-fat diet. This relative short period may represent early developing plaques. However, we demonstrated that some plaques already contain advanced lesions with lipid core surrounded by thick fibrous cap. This rapid growth of the plaque in the present study might be due to the higher serum cholesterol levels (Ϸ60 mmol/L) than those of others previously reported. In addition, we did not demonstrate the net proteolytic activity in the lesions. It is ultimately the balance between the MMPs and TIMPs that determines the focal proteolysis around the cellular components in the lesion. Further studies will be required to examine the effect of MMP-2 deficiency on the net proteolytic activity in the atherosclerotic lesions.
In conclusion, we demonstrated that MMP-2 deficiency reduced atherosclerotic plaque lesions in apoE Ϫ/Ϫ mice. This reduction of the plaque lesions in MMP-2 deficiency was associated with the reduction of SMC accumulation in the plaque lesions. These results suggested that MMP-2 contributes to atherosclerotic plaque development in apoE Ϫ/Ϫ mice and that MMP-2 may induce plaque stability by accumulating SMC into the fibrous cap.
